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Abstract

Ankle-Foot Orthoses (AFO) can be prescribed to allow drop-foot patients to restore a quasi-normal gait pattern.
Standard off-the-shelf AFOs are cost-effective solutions to treat most patients with foot and ankle weakness, but
these devices have several limitations, especially in terms of comfort. Therefore, custom AFOs are increasingly
adopted to address drop-foot when standard solutions are not adequate. While the solid ones are the most
common type of AFO, providing full stability and strong resistance to ankle plantarflexion, passive dynamic AFOs
(PD-AFOs) represent the ideal solution for patients with less severe ankle weakness. PD-AFOs have a flexible calf
shell, which can bend during the stance phase of walking and absorb energy that can be released to support the
limb in the push-off phase. The aim of this review is to assess the state-of-the-art and identify the current
limitations of PD-AFOs. An extensive literature review was performed in Google Scholar to identify all studies on
custom PD-AFOs. Only those papers reporting on custom PD-AFOs were included in the review. Non peer-reviewed
papers, abstract shorter than three pages, lecture notes and thesis dissertations were excluded from the analysis.
Particular attention was given to the customization principles and the mechanical and functional tests. For each
topic, the main results from all relevant papers are reported and summarized herein. There were 75 papers that
corresponded to the search criteria. These were grouped according to the following macro-topics: 16 focusing on
scanning technologies and geometry acquisition; 14 on customization criteria; 19 on production techniques; 16 on
mechanical testing, and 33 on functional testing. According to the present review, design and production of
custom PD-AFOs are becoming increasingly feasible due to advancements in 3D scanning techniques and additive
manufacturing. In general, custom PD-AFOs were shown to provide better comfort and improved spatio-temporal
parameters with respect to standard solutions. However, no customization principle to adapt PD-AFO stiffness to
the patient’s degree of ankle impairment or mechanical/functional demand has thus far been proposed.

Keywords: Ankle foot orthosis, Dynamic, Custom, Drop-foot, Additive manufacturing, 3D scanning, Functional
evaluation, PD-AFO, Comfort, design

Background

Drop-foot is a severely disabling syndrome affecting the
lower limb, generally associated with damage to or mal-
function of the central or peripheral nervous system, such
as peroneal nerve injury, or brain and spinal cord

* Correspondence: paolo.caravaggi@ior.it

Movement Analysis Laboratory, IRCCS Istituto Ortopedico Rizzoli, Via di
Barbiano 1/10, 40136 Bologna, Italy

B BMC

disorders. The term derives from the inability to dorsiflex
the foot due to insufficiency of the main ankle dorsiflexor
muscles, such as the tibialis anterior. This deficit is par-
ticularly critical in the swing phase of walking, resulting in
higher risk of stumbling and falling. About 23% of patients
with symptomatic herniated disc (incidence about 1% of
EU population) and 20% of those affected by stroke
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(incidence about 0.1% of EU population) have been re-
ported to suffer from foot drop [1, 2].

An Ankle-Foot Orthosis (AFO) is usually prescribed to
compensate for the functional limitations due to the
drop-foot condition. AFOs are meant to restore quasi-
normal gait patterns in drop-foot patients by resisting
the ankle joint moments in the swing phase of walking,
thus reducing the risk of falling. While standard off-the-
shelf AFOs are rather inexpensive (50-100 EUR), they
have several limitations: 1) they are sold in limited sizes
(e.g. small, medium and large); 2) they do not always
match the patient’s foot and leg geometry; 3) they have
fixed mechanical properties that cannot address patient-
specific impairments or functional demand; 4) they do
not address other foot morphological alterations, such as
severely pronated feet.

Frequently, standard AFOs require further manual
customization to include an orthotic insole. As reported
in a recent review [3], AFO stiffness represents a key fac-
tor influencing the gait pattern of drop-foot patients, but
no guidelines for AFO design customization have been
established. While AFO stiffness is fundamental to sus-
tain the foot in the swing phase, this mechanical param-
eter can affect the physiological ankle dorsiflexion and
plantarflexion in the stance phase of walking.

AFOs are largely classifiable in the two main groups of
passive and active, which can be exploded in further
subgroups as follows:

— DPassive AFOs
O Rigid or solid: characterized by stiff shells which
prevent ankle movement in the three anatomical
planes;
O Dynamic: flexible in the sagittal plane, allow for
some dorsi/plantarflexion movement. Flexibility can
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be provided by a deformable shell (non-articulated:
e.g. posterior leaf spring or ventral shell spring as in
Fig. 1) or via a fixed-stiffness hinge joint (articulated:
spring-hinged posterior or ventral shell as in Fig. 1).

— Active AFOs: articulated and fitted with powered
actuators. Flexion/extension movements at the ankle
joint are actively assisted by the actuators.

This study is a literature review on the customization,
production and testing of passive dynamic AFOs (PD-
AFOs). Design, development and application of dynamic
AFOs for patients with different degrees of drop-foot
conditions are benefitting from the latest advancements
in additive manufacturing. It is now possible to print an
AFO shell in any shape and with a variety of materials
using different 3D printing technologies. While trad-
itional production techniques can also be used, additive
manufacturing is fast becoming the new gold standard
to produce custom orthotic devices with improved com-
fort and performance with respect to off-the-shelf solu-
tions. While interest in this field is continuously growing
[4], the process for the custom design, testing and evalu-
ation of dynamic AFOs has not been established, and no
standards have been published. Therefore, a large num-
ber of design principles, AFO materials and testing pro-
tocols have been reported. This critical review of the
literature is aimed at collecting and reporting the major
studies on custom PD-AFOs to date so as to highlight
the major stepping stones in the development of a new
generation of custom AFOs and to identify the major is-
sues that still need to be overcome in this process.

Material and methods
An extensive literature review was conducted between
May and November 2021 on the Google Scholar online
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Fig. 1 The four main types of PD-AFOs. Where: (1) is the calf strap; (2) is the calf shell; (3) is the foot plate, and (4) is the ventral shell. H is the
variable or fixed-stiffness hinge joint connecting the foot plate to the calf or to the ventral shell
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database. The following keywords were used, either
alone or in combination, to find relevant papers for the
present review: dynamic; AFO; ankle foot orthosis; cus-
tom; patient-specific orthotic; mechanical testing; func-
tional evaluation; gait analysis; drop-foot; customization;
3D printing; additive manufacturing; comfort; design
and finite element analysis (FEA). For the purposes of
this review study, we defined PD-AFOs as orthoses char-
acterized by significant flexibility of a posterior (i.e. pos-
terior leaf spring) or anterior (i.e. ventral shell) support
or fitted with a dynamic hinge joint with pre-
compressed spring elements to control motion in the
sagittal-plane (Fig. 1). Papers were not included in the
review for the following reasons: not focusing on custom
solutions (i.e. standard off-the-shelf AFOs); not focusing
on passive dynamic AFOs (i.e. rigid or, active AFOs) or
type not clearly defined. It should be pointed out that
some authors used the term “dynamic” while referring
to active AFOs — those with actuators. These papers,
along with abstracts shorter than three pages, lecture
notes, thesis dissertations and papers not published on
peer-reviewed journals were also excluded from the re-
view. The papers complying with the inclusion criteria
were analyzed and grouped in five different macro-
topics: a) scanning technologies and geometry acquisi-
tion; b) customization criteria; c) production techniques;
d) mechanical testing, and e) functional evaluation.

Results

A total of 242 papers were found. 75 of these complied
with the inclusion criteria and were included in the re-
view. Some of these papers covered more than one
macro-topic specified in Material and Methods. The
number of papers covering each topic follows:

a) 16 papers addressed and collected patient geometry
of the shank and foot;

b) 14 papers reported AFO customization criteria
other than those based on foot and leg morphology;

¢) 19 papers reported the production techniques;

d) 16 papers investigated characterization of
mechanical properties;

e) 33 papers reported the functional evaluation of
patients/subjects.

A summary of the main results from the literature re-
view on each topic is summed up in the following
subsections.

a) Scanning technologies and geometry acquisition
Custom AFOs are traditionally modelled by hand by

the orthotist via thermal molding on models of the pa-
tient’s foot and leg. Traditionally, the plaster model is
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obtained by filling the negative impression of the pa-
tient’s cast with liquid plaster. The custom AFO is then
manufactured over the positive model. This process,
however, is time-consuming and highly operator-
dependent. Therefore, in the last 10 years, new technolo-
gies to obtain a 3D digital replica of the patient’s geom-
etry have been used to create a solid model of the foot
and leg: laser-based scanners [5-10] (6 out of 16 stud-
ies); structured-light scanners [11-13] (3/16); computer
tomography [5, 14—16] (4/16); 3D coordinate digitizer to
acquire landmark positions [17, 18] (2/16), and photo-
grammetry [19] (1/16). According to recent reviews [20,
21], 3D scanning, computer tomography and optical mo-
tion capture systems all represent valid and reliable al-
ternatives to traditional casting methods to obtain a
solid model of the patient’s foot and leg geometry.

b) Customization criteria

According to the present review, PD-AFOs are

usually customized on the patient’'s lower limb
morphology. Few studies used a commercial
customizable PD-AFO — the modular Intrepid Dy-
namic Exoskeletal Orthosis (IDEO) — featuring a

posterior strut, the stiffness of which can be custom-
ized to the patient’s ankle ROM, the type and level of
activities, body mass and load carriage requirements
[22-25]. A similar modular design featuring a variable
stiffness rod in relation to the patient’s degree of im-
pairment was proposed [26]. However, no indications
are provided on the weight and the direction (towards
stiffer or more compliant) of each parameter on the
strut rigidity. AFO stiffness optimization based on the
minimization of knee angle and energy cost of walk-
ing was reported for children with cerebral palsy [27,
28]. A combination of the following parameters has
also been used as input data to set the stiffness of
the custom AFOs: the patient’s prior experience; vis-
ual observations of patient’s gait; body weight; muscle
strength; severity of ankle deformity [29-33]. Only
one study customized the AFO stiffness according to
the natural ankle pseudo-stiffness [34]. The majority
of the studies optimized the stiffness of the calf shell.
Only one study reported the effect of footplate stiff-
ness on ankle joint power in gait [35].

iii) Production techniques

Additive manufacturing is becoming widely used in or-
thopaedics, since it allows to obtain complex shaped de-
vices made with a number of different materials [20].
The present review, in agreement with two recent stud-
ies [36, 37], has shown that most 3D-printed PD-AFOs
are manufactured via Selective Laser Sintering (SLS) [5,
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6, 8, 14, 15, 18, 25, 26, 38-42] and Fused Deposition
Modeling (FDM) — also known as Fused Filament Fabri-
cation (FFF) - [10, 15, 17, 43, 44]. SLS works with a
high-power laser to sinter polymer powders, while FDM
adds melted thermoplastic filaments in consecutive
stratified layers to create the object. Stereolithography
(SLA) [7, 11] and Multi Jet Fusion (MJF) [11] are less
frequently used to produce custom AFOs. In SLA, a UV
laser induces polymerization of a photopolymer to ob-
tain the object; in MJF, a fusing agent is deposited on
layers of heated powder where the particles are fused
together.

iv) Mechanical testing

This section is reporting only studies related to the
experimental analysis of custom-made PD-AFOs.
Whenever the AFO type was not clearly defined as
“dynamic”, it was decided to include only the manu-
scripts which reported the force/deformation proper-
ties, providing evidence of a dynamic behavior of the
orthosis. Three review studies were found which re-
ported stiffness values for a variety of AFOs — cus-
tom and off-the-shelf — and the testing methods [3,
45, 46]. Most of these studies investigated the stiff-
ness properties in plantar-dorsiflexion in the range
20 deg plantar- to 30 deg dorsiflexion. Only one study
assessed the AFO’s mechanical properties outside the
sagittal plane [47].

Most studies assessed the stiffness properties of the
strut component, i.e. the long, flexible part of the calf
shell [17, 41, 47-51]. Fewer studies investigated the
mechanical properties of other components, such as
the foot plate [50], or isolated parts of the AFO [52].
Displacements during AFO deflection were assessed
in two studies [49, 53], while only one study per-
formed a fatigue test [44]. A few papers [17, 49, 52]
reported the mechanical testing of dynamic AFOs
which were customized on a healthy subject’s leg or
on other geometrical models of the lower limb and
not for drop-foot patients were included in this re-
view. In general, the AFO foot plate is fixed, and
bending moments/forces or displacements are applied
to the calf shell, simulating ankle dorsiflexion. The re-
ported bending stiffness of the strut, in terms of re-
sistance to dorsiflexion moment, ranged between 0.12
and 8.9 N*m/deg across these studies [15, 17, 33, 41,
48-50]. The energy absorbed/released by custom
AFOs during gait has been seldom addressed in the
literature [29, 54].

Custom PD-AFOs have also been tested in-silico via
FEA [17, 42, 48, 52—-54]. Boundary conditions were gen-
erally consistent with those used for the experimental
mechanical tests, when present. In addition to stiffness
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[17, 42], FEA allowed to estimate the maximum Von
Mises stresses [52, 55] and displacements [53] of the an-
alyzed AFOs. Only one study assessed the maximum
Von Mises stress against the material yielding [52], and
reported the safety factor of each component in simu-
lated jogging and downhill walking tasks.

e) Functional evaluation

Table 1 sums up the outcome of the literature re-
view in relation to the functional evaluation of cus-
tom dynamic AFOs. Thirty-three papers published
from 1999 to 2021 were retrieved and found relevant
to the topic. In terms of populations investigated,
custom AFOs were used for post-stroke patients (n =
6) [11, 34, 57, 58, 62, 64], for generic drop-foot and
muscles weakness (n =13) [8, 24, 30-33, 39, 40, 44,
50, 51, 56, 59], for lower limb reconstruction (n =4)
[22, 23, 25, 60], for cerebral palsy (n=4) [27, 28, 61,
66], for Charcot—Marie—Tooth (z =1) [29], in children
with hemiplegia (n =2) [63, 65], and in normal/
healthy subjects (n =3) [7, 35, 43]. Posterior Leaf
Spring (PLS) are the most common types of AFOs
functionally evaluated and were compared to solid
and hinged AFOs, and/or to shod/barefoot conditions.
Carbon-fiber was found to be the most used material;
plastic (nylon and polyamide) and thermoplastic
(polypropylene and polyurethane) were also used due
to their favorable manufacturing process and compati-
bility with current 3D printing technology. In terms
of functional evaluation, gait analysis during walking
at comfortable speed was by far the most common
motor task investigated. Three studies reported on
stair ascent/descent, and two studies reported on
walking over an inclined ramp or treadmill. In one
study, the AFOs were evaluated in a static balance
test. Spatio-temporal parameters and lower limb joint
kinematics and kinetics (mainly in the sagittal plane)
were usually recorded and analyzed. Two studies also
reported on surface EMG of the main lower limb
muscles. Six studies reported on other qualitative
scores such as comfort or ease of use (donning and
removing). In terms of spatio-temporal parameters,
while it is difficult to compare the functional outcome
of PD-AFOs customized and produced for different
populations with ankle weakness, 8 studies reported
improved gait velocity and stride length in custom
AFOs with respect to solid AFOs or shod/barefoot
conditions. Due to the flexibility of the calf shell, cus-
tom PD-AFOs can absorb and release energy during
walking. The two studies that assessed this parameter
reported a reduction in the energy cost of walking
while wearing the optimal stiffness AFOs with respect
to other AFOs.
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Table 1 Literature review with respect to the papers reporting on the functional evaluation of custom PD-AFOs. For each paper,
when present, it is reported the AFO type(s), the customization criteria, the materials, the functional data/parameters, and the main
outcome. Comfort assessment or other subjective scores are also reported

Authors/ Population AFO type/ Material Motor Functional Other Main outcome
year (size) customization tasks parameters scores
criteria
Waterval unilateral dorsal leaf spring  carbon fiber walking  spatio-temporal peak vertical GRF of the
et al. 2021 plantar flexor ~ AFO parameters contralateral leg significantly
[56] weakness Spring leaf Stiffness GRFs reduced and symmetry
9) customizable hip, knee, ankle improved (AFO vs. no AFO)
energy cost kinematics and
optimized (Ankle7, kinetics
OttoBock)
Waterval calf muscle dorsal leaf spring  carbon fiber walking  spatio-temporal reduction in energy cost
etal. 2021 &  weakness AFO parameters (AFO optimized stiffness vs.
2020 (34) Spring leaf Stiffness hip, knee, ankle non optimized)
[32,33] customizable kinematics and
(Ankle?, kinetics
OttoBock)e energy cost
Kerkum et al. healthy dorsal leaf spring  carbon fiber walking  Ankle-foot Total ankle-foot power in-
2021 subjects AFO kinematics work crease with increasing foot-
[35] (12) Spring leaf Stiffness and power plate stiffness
customizable
(Ankle?7, OttoBock)
Lin et al. post-stroke 1. energy-Storage  PLA+ walking  spatio-temporal  Evaluation  increased gait velocity and
2021 drop-foot 3D Printed AFO nylon-titanium parameters of stride length (AFOT1 vs.
[57] (12) 2. anterior-support  thermoplastic pelvis, hip, knee,  satisfaction ~ AFO2; AFO1 vs. barefoot)
AFO ankle kinematics ~ (QUEST) improved satisfaction
(sagittal plane) (AFOT)
Meng et al. post-stroke morphology PA2200 NA NA comfort Somos NeXt scored better
2021 [58] drop-foot Somos NeXt weight than one or more materials
(15) PA12 feeling in comfort and surface
surface smoothness
smoothness
wearing
issues
cleaning
issues
Vasiliauskaite, child with 1. hinged AFO thermoplastic+metal walking  spatio-temporal NA Despite having the same
et al. 2020 unilateral drop-  with adjustable polyamide-12 parameters ankle stiffness, AFO1 and
[51] foot ankle stiffness hip, knee, ankle AFO2 did not produce the
(1) 2. posterior leaf kinematics and same gait pattern
spring kinetics
stiffness tuned to
achieve the
orthotic goals
Chae et al. unilateral drop- morphology polyurethane walking  NA Modified improved mEFAP (AFO vs.
2020 [59] foot (1) stairs Emory no-AFO)
ascent/ Functional
descent Ambulation
up&go Profile
Esposito unilateral lower IDEO custom AFO  carbon fiber walking  COP position NA +3deg in strut flexion/
et al. 2020 limb (posterior leaf COP velocity extension strut alignment
[22] reconstruction  spring) does not significantly affect
(12) Stiffness based body the foot-ankle roll-over
mass, load carriage shape radius
requirements, and
range of available
pain-free motion
Liu et al. post-stroke morphology PA12 walking  spatio-temporal NA improved velocity and stride
2019 [11] drop-foot (12) parameters length (AFO vs.no-AFO)
hip, knee, ankle
kinematics
Waterval neuromuscular  dorsal leaf spring  carbon fiber walking  energy cost NA energy cost —20% (optimal
et al. 2019 disorders and  AFO (Carbon Ankle spatio-temporal AFO vs. no-AFO)
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Table 1 Literature review with respect to the papers reporting on the functional evaluation of custom PD-AFOs. For each paper,
when present, it is reported the AFO type(s), the customization criteria, the materials, the functional data/parameters, and the main
outcome. Comfort assessment or other subjective scores are also reported (Continued)

Authors/ Population AFO type/ Material Motor Functional Other Main outcome
year (size) customization tasks parameters scores
criteria
[50] non-spastic calf Seven, Ottobock, parameters energy cost — 10.7%
muscle Duderstadt) hip, knee, ankle (optimal AFO vs. non-
weakness adjustable stiffness kinematics and optimal AFO)
(37) kinetics
Cha et al. unilateral drop- 1. sock-like design  thermoplastic walking  spatio-temporal  Evaluation insufficient ankle
2017 foot with anterior open- polyurethane parameters of dorsiflexion in swing (AFO1
[44] m ing and malleoli ankle kinematics  satisfaction  vs AFO2)
holes (QUEST) better wearing properties
2. rigid AFO and comfort (AFOT1 vs
AFO2))
Esposito unilateral lower IDEO custom AFO  carbon fiber walking  spatio-temporal  NA limited power capabilities
etal. 2017 limb (posterior leaf parameters at the ankle, and reduced
[23] reconstruction  spring) hip, knee, ankle compensatory strategies at
(24) Stiffness based kinematics the knee with respect to
body mass, load (sagittal plane) amputees
carriage
requirements, and
range of available
pain-free motion
Arch & post-stroke custom AFOs polycarbonate walking  spatio-temporal NA increased net peak
Reisman 2) Morphology-based, parameters plantarflexion moment and
2016 no shoe required hip, knee, ankle natural ankle pseudo-
[34] kinematics and stiffness.
kinetics
Whitehead unilateral lower IDEO custom AFO  carbon fiber stairs spatio-temporal NA stair ascent: greater bilateral
et al. 2016 limb (posterior leaf ascent/  parameters hip power during pull-up
[60] reconstruction  spring) descent  hip, knee, ankle and reduced ankle dorsi-
(13) kinematics and flexion and knee extensor
normal/healthy kinetics (sagittal moment (AFO vs. control)
(13) plane)
Ranz et al. unilateral ankle  IDEO custom AFO  carbon fiber walking  SEMG: soleus, NA hip and knee moments
2016 muscle (posterior leaf nylon 11 (strut) gastrocnemius, were affected by bending
[38] weakness spring) tibialis ant,, rectus axis position
(13) 3 bending axis fem., biceps fem., no difference in spatio-
positions vastus med. and temporal parameters
gluteus med.
spatio-temporal
parameters
hip, knee, ankle
kinematics and
kinetics
Arch & normal/healthy  passive dynamic not reported walking  Ankle kinematics  NA
Stanhope 2) AFO (posterior leaf and moments
2015 spring) (sagittal plane)
[43] AFO stiffness
according to
natural ankle
pseudo-stiffness
Haight at al.  unilateral IDEO custom AFO  carbon fiber treadmill  spatio-temporal NA AFOs stiffer than nominal
2015 lower-limb (posterior leaf uphill parameters increased knee joint flexion
[25] reconstruction  spring) walking  hip, knee, ankle
(12) variable stiffness (10deg  kinematics and
based on ROM, slope) kinetics
activity level, types
of activities, body
mass, load carriage
requirements
Kerkum et al. children with  ventral shell pre-preg carbon waking  energy cost NA decreased net energy cost
2015 & 2016, cerebral palsy  spring-hinged AFO  fiber spatio-temporal (VAFOs vs. no-AFQ)
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Table 1 Literature review with respect to the papers reporting on the functional evaluation of custom PD-AFOs. For each paper,
when present, it is reported the AFO type(s), the customization criteria, the materials, the functional data/parameters, and the main
outcome. Comfort assessment or other subjective scores are also reported (Continued)

Authors/ Population AFO type/ Material Motor Functional Other Main outcome
year (size) customization tasks parameters scores
criteria
Meyns et al. ~ (15; bilateral (VAFO) parameters no differences between
2020 14) variable stiffness/ hip, knee, ankle VvAFOs
[27, 28, 61] ROM hinge kinematics and
kinetics
Harper et al.  unilateral ankle IDEO custom AFO  carbon fiber walking  spatio-temporal NA no difference in kinematics/
2014 muscle (posterior leaf nylon 11 (strut) parameters kinetics between the two
[42] weakness spring) hip, knee, ankle materials (same AFO
(10) clinically prescribed kinematics and stiffness)
stiffness kinetics
Esposito unilateral ankle IDEO custom AFO  carbon fiber walking  spatio-temporal NA small differences in
et al. 2014 muscle (posterior leaf nylon 11 (strut) parameters kinematics and kinetics
[24] weakness spring) hip, knee, ankle (nominal stiffness vs. stiffer
(13) variable stiffness kinematics and and more compliant)
healthy based on ROM, kinetics
controls activity level, types
(13) of activities, body
mass, load carriage
requirements
Dufek et al.  Charcot— posterior leaf carbon-fiber walking  spatio-temporal NA increased walking speed
2014 Marie-Tooth spring AFO composite parameters and stride length (custom
[29] patients stiffness hip, knee, ankle AFO vs. no-AFO)
(bilateral 8) customization kinematics and AFO energy storage 9.6 +
based on prior kinetics 6.6 J/kg
experience,
visual observations
of patient’s gait,
weight and muscle
strength, and
amount of ankle
deformity
Creylman unilateral drop  morphology-based nylon 12 (AFO1) walking  spatio-temporal NA improved spatial temporal
et al. 2013 foot posterior leaf polypropylene parameters gait parameters and ankle
[8] 8) spring/shell (AFO2) hip, knee, ankle kinematics (AFO1 & AF2 vs.
kinematics no-AFO)
(sagittal plane)
Mavroidis normal/healthy morphology-based  polypropylene walking  spatio-temporal  comfort comparable functional
et al. 2011 M posterior leaf (AFQOT1, standard) parameters outcome to standard AFO
[71 spring/shell (based  Accura SI 40 (AFO2) ankle kinematics and better comfort (AFO2
on Type C-90 Su- Somos 9121 (AFO3) and kinetics and AFO3 vs AFOT)
perior Posterior Leaf (sagittal plane)
Spring, AliMed)
Lewallen post-stroke solid AFO thermoplastics walking  spatio-temporal NA significantly reduced
et al. 2010 drop-foot 3 walking  parameters walking speed and stride
[62] (13) hinged up/down length (solid AFO vs. all
VS. 10deg AFOs and no-AFO)
posterior leaf ramp only one subject preferred
spring solid AFO over the other
AFOs
Bartonek children with morphology-based  pre-preg carbon- walking  spatio-temporal  frequency  for most children, improved
et al. 2007 bilateral ankle  posterior leaf fiber parameters of use ankle plantarflexion
[31] muscle spring hip, knee, ankle  gait moment (p < 0.001), ankle
weakness patient’s level of kinematics standing positive work (p < 0.001),
(11 AFO; 6 functional (sagittal plane) function and stride length (p <0.001)
KAFO) ambulation and changes (custom AFO vs. rigid shell
body weight walking thermoplastic AFO)
velocity
acceptance
ease of
putting on

and
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Table 1 Literature review with respect to the papers reporting on the functional evaluation of custom PD-AFOs. For each paper,
when present, it is reported the AFO type(s), the customization criteria, the materials, the functional data/parameters, and the main
outcome. Comfort assessment or other subjective scores are also reported (Continued)

Authors/ Population AFO type/ Material Motor Functional Other Main outcome
year (size) customization tasks parameters scores
criteria
removing
Bartonek children with  morphology-based  pre-preg carbon- walking  spatio-temporal  frequency  increased stride length (2/2;
et al. 2007 bilateral ankle  posterior leaf fiber parameters of use custom AFO vs. rigid shell
[30] muscle spring hip, knee, ankle gait thermoplastic AFO)
weakness patient’s level of kinematics standing increased walking speed (1/
(2 AFO; 1 functional (sagittal plane) function 2)
KAFO) ambulation and changes perceived improved gait
body weight walking
velocity
acceptance
ease of
putting on
and
removing
Desloovere  children with  flexible posterior thermoplastic walking  spatio-temporal ~ NA increased walking speed
et al. 2006 hemiplegia leaf-springs (PLS) thermoplastic & parameters and stride length (PLS vs.
[63] (15) Dual Carbon Fibre  carbon and kevlar hip, knee, ankle no-AFQ)
Spring AFO (CFO)  fibres pre- kinematics larger ankle ROM and ankle
clinical impregnated with velocity during push-off
examination and epoxy (strut) increased plantar flexion
gait analysis moment and power
generation at pre-swing
(CFO vs. PLS; p<0.01).
Gok et al. hemiparetic 1. Seattle-type polypropylene walking  spatio-temporal NA increased walking speed
2003 stroke patients  polypropylene AFO  metal parameters (AFO2 vs AFOT vs. no-AFO)
[64] (12) 2. metallic AFO hip, knee, ankle increased stride length
kinematics (AFO1 vs. no-AFO; AFO2 vs.
no-AFO)
Sienko children spastic morphology-based thermoplastic walking  spatio-temporal Pediatric reduced ankle
Thomas et al. hemi-plegia 1. hinged AFO stairs parameters Evaluation  plantarflexion (AFOs vs.
2002 (19 2. posterior ascent/ pelvis, hip, knee,  of Disability  barefoot)
[65] leaf spring (PLS) descent  ankle kinematics  Inventory
3. solid AFO (sagittal plane) (PEDI)
Burtner et al.  children with 1. solid AFO Polypropylene static SEMG: NA decreased activation of
1999 spastic diplegic 2. dynamic (spiral)  graphite balance  gastrocnemius, gastrocnemius,
[66] cerebral palsy  AFO test tibialis ant, disorganized muscle-
(4, and 4 hamstrings, response patterns, de-
healthy quadriceps, creased use of ankle strat-
control) paraspinals, egies, increased knee joint
abdominals. angular velocity (AFO1 vs.
hip, knee, ankle AFO2 and AFOT1 vs no-AFO)
kinematics without AFOs or with dy-
(sagittal plane) namic AFOs.
Discussion The use of modern 3D scanning technologies allows

The present review is aimed at investigating the current
literature on the state-of-the-art of custom PD-AFOs de-
sign, production and testing. Although thermal molding
of AFOs on solid models of the patients’ legs is the most
used production method worldwide, 3D scanning tech-
niques and additive manufacturing are becoming in-
creasingly used in the production process of custom PD-
AFOs. The following sections address the critical ana-
lysis of the literature on the macro-topics used to classify
the studies.

for fast and accurate digitization of the patient’s foot and
leg. Data can be stored and shared in various 3D file for-
mats (e.g. STL, OB]J, etc.) which can be easily edited with
several commercial (e.g. SolidWorks, Blender) or propri-
etary software. Some file formats are fully compatible
with 3D printers (e.g. STL), thus the timing from geom-
etry acquisition to AFO production is significantly re-
duced. Moreover, the same 3D file can be used and
revised later without the need for a new acquisition of
the patient’s geometry — in cases of wearing out,
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breakage or changes in the mechanical requirements.
The dematerialization of the foot and leg 3D acquisition
allows to share the geometry with the production facility,
which can be remotely located with respect to the pa-
tient’s location. According to the present review, laser-
based and structured-light scanners are the most com-
mon technologies for geometry acquisition. While the
cost of high-quality 3D scanners and the expertise re-
quired to process the 3D files is limiting the spread of
this technology, the development of low-cost 3D scan-
ning solutions [13, 21, 67] is allowing more orthotic cen-
ters and research groups to advance the current
methodology for geometrical reproduction from the
traditional casting techniques.

The majority of the AFOs were customized according
to morphological parameters only, regardless of body
weight and/or functional requirement. Some studies re-
ported that the AFO’s stiffness was customized on the
patient’s body mass, load carriage requirements and/or
range of available pain-free motion; however, the
customization process was not sufficiently explained
[22-25, 29-31, 34]. The IDEO was one of the most used
custom AFOs across all studies [22-25, 39, 40, 60]. Al-
though the IDEO can be customized to each patient and
modulated according to changes in strength and func-
tional ability [68], the relationship between the patient’s
clinical deficit and functional requirements and the
AFO’s mechanical properties and design features has not
been standardized and reported to date.

With respect to AFO production, the growing demand
for customized solutions is paving the way for additive
manufacturing in the healthcare industry. 3D printers
allow production of orthotic devices with complex
shapes and have been successfully used to manufacture
AFOs using a variety of materials, mostly polymers and
composites. The combination of different materials in
the same orthotic device is also possible. SLS was the
most used technology to produce custom AFOs, as this
allows several items to be produced simultaneously and
has a lower environmental impact than FDM [69]. Al-
though SLA and FDM are the most cost-effective solu-
tions, SLS guarantees the highest accuracy and the
fastest printing time [70].

Custom AFO stiffness was evaluated via mechanical
tests simulating ankle flexion in gait. The bending stiff-
ness, in terms of resistance to dorsiflexion moment, was
significantly variable across studies as a consequence of
the chosen design, material and thickness of the calf
shell. Although standard testing methods to assess AFO
stiffness under realistic biomechanical conditions have
been proposed [71-73], most research groups developed
custom setups and loading/displacement parameters.
This made it difficult to compare the mechanical proper-
ties of AFOs with respect to materials and designs.

Page 9 of 12

Despite the importance of foot plate flexibility with re-
spect to forefoot biomechanics in late stance, its mech-
anical properties and their effects on lower limb
kinematics have not been sufficiently investigated to
date. FEA allows to identify critical regions in terms of
stress and strain under physiological loading conditions
and to redesign high-stress regions exceeding the mater-
ial yielding. This is particularly critical for dynamic
AFOs with complex shapes subjected to large deforma-
tions. In addition, FEA is useful to minimize production
costs by assessing different design solutions and mate-
rials before manufacturing. In terms of functional evalu-
ation, the present review has revealed generally positive
outcomes of custom AFOs with respect to the no-AFO
condition and off-the-shelf/solid AFOs. While spatio-
temporal, lower limb kinematic and kinetic parameters
were frequently reported, subjective scores — such as
comfort, walking confidence and ease of donning —
were seldom implemented. Custom solutions scored bet-
ter than standard/solid AFOs for comfort and satisfac-
tion [7, 44, 57, 62]. It should be highlighted that the
custom solutions were assessed against either barefoot
or shod conditions. These two control conditions are
biomechanically different, as the shoe’s weight signifi-
cantly increases the plantarflexion moment at the ankle
in the swing phase. Walking is the motor task most re-
ported in the functional evaluation of AFOs. Few studies
reported on other tasks, such as stair ascending/de-
scending and ramp climbing. There is a lack of informa-
tion on the biomechanical interaction between AFO and
foot/leg for other major activities of daily living.

The present review should be interpreted with respect
to some limitations. Since this study was meant to be a
comprehensive literature review of the state of the art
on PD-AFOs and not a systematic review, a research
question was not formulated to compare the main out-
comes across studies. The literature review was con-
ducted on the Google Scholar database only. In addition,
several studies did not clarify the AFO type — i.e. static/
dynamic, standard/custom — therefore their classifica-
tion was rather difficult, and these were excluded from
the review.

Conclusions

According to the present review, custom PD-AFOs are
becoming increasingly feasible due to advancements in
3D scanning techniques and in additive manufacturing.
In general, custom PD-AFOs provide better comfort and
more physiological spatio-temporal parameters than
standard off-the-shelf solutions. However, no clear
customization principles to customize PD-AFO stiffness
with respect to the patient-specific degree of impairment
or mechanical and functional request have thus far been
proposed and reported. Healthcare providers and
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clinicians should agree and inform on which clinical,
morphological or functional parameters are critical to
the PD-AFO customization process. Scoring systems to
quantify the relevant parameters should also be formu-
lated to obtain a global score which can be associated to
the most appropriate AFO stiffness. A standard testing
method to measure AFO stiffness is necessary to allow
quantitative comparison between PD-AFO types and
materials.
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